


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1994-09 


Doppler shift and spread study for 
ionospherically propagated signals 


Malachias, Nickolaos. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/28129 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 

























































oo 










e ; 
i} tiated x 
‘ ® a ats BRE soh (heey 
ote ie 3 mire see. 4 Gare tt ie 
- H f ey rite } ae its ih 
ms 4 ASN A aug stele Se adil dat 
ae ‘ vase OE gg re jihetetnlss,: "9 
A “BE 1 ae a: aly Ve ay j wae ‘ 
6 % © 8 te’ 19 1m Ge r a) eli th Hae ping iinet tits fen si 
ef, ‘ On os eg 'h ; : . X HH 
° oe * a Co logug 4 v zene’ te “ : at in H ns era: ‘abies ind Be Sas eid ree ni Ha es BA 
® a . : ; . c ,! * 4. yl mt mi bs a ' ee atiist ef an seh skys sre: ee pint as ie isi met nine, Pers naira atv ene Bre wei » 9 
; ” ,° ; *r -e@ fe y i bf i bits age - si a ¢ yee ss Sp aa 734 i Siam st Lip lite Fey at 
ri ee ae wpe tra Pty i coe 4 ve" fed: ve wih sith * ieee 
oe ae Harber ee bepee "5 28 LE te wre 
° ea ff tang 
el a re rq , an “te ° fa 5 q fies 4 ve 
* 03% t ae "16g 4,% 


bos 
‘ ieee ; aie a Pi siscaectt 
1 lie tony 


? tsa eee Re ener REE 
wi) 





FSU aN 



















SF sbs ‘Te, 
iyi by i tee dogs iteden 
settee ais et Eee vt eines ee agit ee tesa Z 
Vo $f 8 pate rad di Seange aces ap 4 ie eee: CPC) 
its ie Ry aresler ae ple 





2s es str ae sf saree on israly 
A Sol dasact eign: ss, 84 wits: Aeghese aga nies no ets 
yr , at Sa ai ith ets fine itt seth eae : et ie ee od | va NG =i! aah csi 


























































































Ie een ee 
Sake a? 
Ris cates mz os a 
te aes geo ee ny me ad 
6 4s aed: 34 
yo: Srbttre oe 
. >, 
“cet f re Hi a 
. ‘ ma. §.8 arte, ve 
fo gelgiw ny fen Ciera 1 at i th 4 af ye malens Tere an ont + : 
45 Rigen ‘, w mers wth ge i aie an aie He sa € (0 hires 
. e* 1 1 a . 
Pain. onte® 4%, e! Oe pte al 2x Macau " ‘ate mee ye Sat sat 4; afc aieentuns ey Vin go vi) 
1 el »¢@ oe | ° ; $e veal dh Pmargrny hy 
a te . . 4 a 
Shen S ; eee i Boece cae ore A * Yeh: w bites? 
Say og e} . : q 4 2 bisa, i nt tr only 
- Pre | a is” : 1 nee ‘ lt ' ° yeas %, bb Oy fer PK! 
a. # a eh = gig? « te Oy 
. ° ee G(s ° . ° +4 ory i] ve? o4t fone t Ww t Lf 
1 % ar) ft ‘ Joong Chay O86 Mite 1 
Pee" ee 7 °by 8» 1 8% 4 oes OA ate 62% 8 gach 4 ia 
1 preea eile 4 58 8 f° 0 68 a tee gus at Caect be yee 158 tng ge git’ 
oe ry 1 us b @e Cun’ .e Cte, tes | 1 wee Ore tt og $08 
‘es = ° "Et 9 LY ee ee es le ata "ah avers 9th fg 
. rT t Locate SIP e _gent ts er % sea: ste hgke 
‘ ae by OE eer adic oe ei ae hl ae Be bee Sd i ee ip 
e ol atin 1 8 "rel b> Fbitjend 4 yy ' 
' ‘ es ipaai fut ordnance, "dy hr tay liom bas t tt mM, ot, E 5 A 
a . - flea, fe, qs Suge a2 Ciel da es Py oord? 
a 1 r ie a na te ve og bes oe er Cis" ratre = Sines > | *j 
! | ae | Pal jteee: ef wee a He + A pean 3 ld ites «. 
s tts o ° ' , 4 ' 
i evr ne : . 1 $ i ‘ «° i‘. 1hletet Phaey en. ry 1W@ “it 41 fe,° 
1 ee 1 a i rir (Sas ghietenre ogy "s eh feegd 4.00 
" ats 3 4 4 a ie aiés fuse dy ‘bony 0 a ¢ Aste of { 
“4 to 6. eee a e, hoa thea! iva We 4 / e P 
] bie ten 1 aT sy ery fi | HT Ws Pi ? ' wre t 4? ' ‘ a Ayu a 
al se il ft leq Pts ong 1 “gene6 ol: oe EN eg : i . ‘ 
ou fs Ben as S18 ote © teh an antl es shad, * s0008, 1sttay 
s ie 4 © oe Oe one y 4 6 eeseri ys 
1 } 1 ge aicn ReSiy ie on ory "eh UR ehee ek 
of tye y “ *% Pee, 1h eq: wath 
ato 1 oy ert a mt : ; ° : 
e s Pd | +s , ‘ i 
e 3 4 . : 7 me ks var : ‘ 4] #3. bret cane A 
4% 7 ee. Mae ace i Pci rrarg st ass {" % it, H td has «4 Y 
‘ LU aD eee ® rh ahr Yieg ahs, 49 taf RT Ey: 
{e ane He ran, xe ioe wiea bie “a Vit : H a) Wajogh vais ARE rigs 
5 Tog.', eer Mer her a OG tis ges ani fe us sili ty st arbrair 
ate way 1 oye ag 5 
‘ e,8 5 : " @. le leal ade igs 
i FY rats, © SVL oriecalitet hess hay te Mp | spat sind tee, Buia? Me ; vit 
a “ or arte tte ay “afew, sgt at Wp Ay 
6 ° “j a eo af are ae my #9 
ae | . V.tetzeg ieee t diane i 
oon 2 eye ty i % aor . torp onmpeas 
me._e « we yt? 18 sca irehiss ne » “2h ut 
Ce | tr 3 B,e8F ° Sts - ‘ 
or) ut ge (fe 
* 
















rat ga ade 
. ae Ne ee us 
. rages greats 










ra 
atlas igteera, Loe 
; viterysh i inne dria 
i 
H 








Sa 
Hertel, ate ages 





















site Cad 
4 To Apege aor + At Pe, 
Palate sg HST st adie bet ae 
Ags. wits 19 ay ae "he } 
BHI 

cree 











‘ Gere 
ie! 

























































































































































“eglisig he woitg, 
hg est ip Me 
tile oe AEG eh ae Hits 24 
“4. cre Hyteds vi LU Ke 
A 19",8 ves let sity 
simi! sadacee uaetavaak Mit 
' cH ) 
: i oe Hit vphase NNT he: pent 
| itil feds 8 ar ad ita sian aatdeeern tis Usatd 
" . 
megrg one o fig m eurtn vy Uy Hie tid git fis 8 at east F 
ate a opt « 
: . ’ 4 ewe x 1 . 1 rh: *14 4, fo" rane » ili : as ae " ae 7 
~ #oue ay aq ti SIleo "a oe Ge Eb 30 bee ae o4 6 
1? ky fe.e wnt se y & oaptt $00 16 mess Ay fs Let, Ai @erqg Sie 
es £ >, 4 6 ge Shap © ope bt | Neate’ tee ‘a doudy + He reesaatty A S*\93 ‘ ites aa fs 
s . % © ato on T° oo steg 1 ng Fo ehs?a item eyes ‘ "Palde oe Laid PORT | " u iis, HE a 4) sits i 
he ¢ be pPOer yp 190 ts Eee afie { FHests bape fost UAL is ‘- Ae Serds os af On Wa, ry ae te tones Ht pele ver gsate ’ 
4 : : He ett bas Oi re Sy rarer a pa ‘ayy RAS Vere vee A 
te 4 ° 8 "014 a turn "a Ug? gL A, re rhe Le * OYA, . te tglgsgtedt ; 
4 AeA . 8 cs é 
| a : ‘ gta 
5 os se 0's 65 re U . ihe 
. is 
Hie ' en | ; Hy 
sf 2 Py 
oe : { Hh set Pte Be fiMiy ace . 
enh a tg of 1314 tats Fhe eG CH A 
' pie SPC Pa tents a : 
fog Olde y of . . ' waft ry My ° iM 
4 feabe Boadg oats soe He Ot roe 3 <3 "£G %ot4s, 1g a 
: ‘ clean « ” va tale e pV eeen 133 ATA and e43"s % 
‘ “<i eat erin Ertl Fhe eri - 
tpet wee > * 8 % ane e 4 . ; 
% me bt b fF Qgcke » . at -\ ? 
uo a) sg ‘ o 4 ° i} : on at ashe 
oF as De rar ry ° 4 Ly eer segs roi 
»f @ os 1%ss oat bd 5 * if tye one e's =f dies, 4 4° x44 
4 ° a 16 Bea > woete gat Se Ge PAaen ay f 
ates + 4. ee a } * ut i) oe et Soke Osage 4) j fe a arts r § ae : casi ite a a aks rena ey tsi ad leet 1 
ee ey ee i ‘sen Ac theaae 4 <. | SS . FR +d | re #1 4%e a oSivatla, 4 Fadeey 
6 ¥ Ges 2 ith Do get, reeds ie 1 ° ° a, Als§: al 4] resis ret Porth y Sy" toe pacet, a 
8 *e agm Nias ts be ‘ey teh Pee “Sle Digate, ¢ : che ft th nies “ A Hb Ho vee 
4 ° daede % yt sen) nee one io ay f ase aids iftdse § ON ite oe 
. 4? Fleas pee Ce | a4 egg . ® ' it ; 4 
ts 6 t oh 8 yihe re hte oa ogee * as 
. ‘ tt ote gas o> ilies qener Mi hry ° if 
' i se | He "te wii © t ws > rae ihe 
* ; + 
2 nie a het vai ie i a ‘tai is Mi fait vk rel 
1 he t ous “ teas ree i yeh, , we fy stan ees te X yn Hag 
} 4} t Wer . ° nie cards } Mate Hd by she 1 phy i ' edie fyignag tae 
Sra & doy >. Wis on ft ° adi g C7 Le «tise y re oF Shy 5 Le Ue grsice aS 
Ste” wacrpy mele Bee rete CT i a : PEE a ate ett n! 
‘ Fi 7) RH rarities of oes ate eyo & vey, eh ter, 44 ; Sgeetal “iy grt gittess deat i: H 
‘1 ‘ a i> 41g be ' re Steamy vend, fst" su, PH f Guk Mey) ti oi¢ an mat & at oy ie A We Portas ey ai 
! ot Tin eit Be CUD ee 4 BN eaS teh oat ATES Meee eth ake gl inde, Mette g CGt rte ag TT A wal; goby fed 
: s wi ‘ she . aS oY) Barve ” + re "1h a a oy Ee i relate Cr ie Waceh abe ben atces Fi 4 Er: a gears is ie te 
| grees Hie t t tat! ahh Ae Tt Yee P0ett fesagiclis rh aye 
., Viurs s a ye 4 % 
> mt at te 1 rere, ne thd: ath 'e 
te Gaui 22 














fk at 
Of Aerie tates eke cees' anid ay aye ATES 
a NH Be Bea te 

2 sat ‘ 

] sage ou 


we "te Sq Mite ag dy 
Ie shea vere 


aks Mice i 
"tas, ue Sua dp ® Ue ‘a! sits, br 4 td 
by sage! fe aes seas. sg * Puset itust 4 at" gyithe. Tetgten ded ai 
oH t} agi Ae at Aba 190g? “4 Neca" pitt uesatas 4 
wer ride sh rents Mi: segrete ttt 
PF hy 
af 





















"aoke 
’ 
sti 





























o see vsavds 


‘i 
fe tat ste 
7 VAcagie gh ote e¥ 29 
ai shag tare Te 
Ms 


20%. 
» e a LT el bo Oa nate ri 
Yih ri Siditate RUS at } 

































: H ai 
ar ist ¢ fle dy alee rys3 sae rs 
(Mas Wr ates fea Ao any OF mm seh 
Slate Ths ea et RAG) Da Hag : 
5 eth ii! ie ery Pa He a Ab Pm "a Bae fo 
¥ “fey aet PV aay “ae Sdtzoee wee vad He oF ped 7) “ 
' ory “tie ate 38 ay gla ao vena fats ay it oa i at? With 
« Se : ' Re ered . r 
tee ‘4 ty ts eT atraint ‘ sult ae t uit i] ‘ Hn Tytege scgearytgil ra’ ies rats. +7) 
4 * t Pe a ager *y M: i 
vil’ rT er die, Coton of gaty s watts 
Nd 3 ‘ rat Voids ge Meet 4 8 ote “tis at 
rem at oy sii oh aby VO¥e gan Meena ETT PR 
" aie! oye if Nae ann fa hed sile Ul Peres 
5 mrase | 


ri | 
3 > ile “ i eH cue 
Lak iad f ye 7.4 ACH "4 . é 
e foe tights 
pods wi ees Lit tata: Pi the } ini "t, i 


A TT Ll tr: ads 

. .. z 

7 “ft is rgiels f Hee 
"4 


. 
- saycteegtqennee : ie pe 
haLOe ty of 




















- eee ce at 



























SS Ts i) 
=§ Pqhe® pace ye a a Se) Steen 
Sreiicas iepeiairs a, Sie tt pe Eerie es 
re *. = “pears oo 
i eK Atal te mea Sian yesh 
st Wie is i alee Bae whe Pi ey Lirias ‘ste Recess 3% mais : 453 ws" ae £ 
Ltr ? 3: by .¢ é aa § » “ , wie mys 
18 isman nai fine a) Mgt eee Sete eaea 4 S 2 ’ 
au if rye HS tged dint! : ita E odoty a3 8S, we Fis yc 
“f 2 tag Lael “te % CLF eg Ye: A ti tra? r FEE teat ag iy pew arate! bith ane e4 
5 Vata tent fags at { Yast ne fi Ue sheets Wetge Sterites ahptas Gants tests es D: 2; ee us Midian Rept: 
i ar "ei ? ae 2 fe. Hy} al ne rletfst iy wep Sula ae bitse eit. Tes “a 
=, oe : at’> P et 
4 Ges wen be 
te" pre " ‘; one n 4 Fh 8 on 
» | eas ® my . ' Le a o 
Fy ea aree ’ scch y ‘ Vere) aU i 
. a SY fe * 97d tes a 
s Ose 8 t i 4 


4 Aelia . 
MSE eeies pts 












Oe vyie 
ee siverinaoa 
ma 


¥' 
salts 
4 peee 
tothtaagt rit Le 







































































































































a" a pee 
f Sontag eth JG bf 
$5963 8%. saaei £7 Wt Jaye Tonge, ar, TREE whee tery 
saat ea abe ase ee aes aeestaeaatin 
1, ES fs i) Sate & ratty esis ee 4% akeyay pet ois . oye 9s be j= ate! topes “ay of 
's Hitk . Hea F tibet dati traas bas i dSt ime Os HF oy onset eae “3° eae 
“F eye sate: rely feat one Biases Ag. Soe eee 37% 
Stabs y A, "@ ie rs Aaa & Sy hoe >hy CS be 
: iff na ih at tc. eee hs ie oy pat rig fas ae tf ba Seren 
“ *, 5 . je bd 
HES hay aes Pettey Ketpe one: p Rar atin wet ygtaeere Bes ee mea : pits 
anne ( H estetessdety e's a chee tn at Estee Retaeg zeae s a te ke Rope Rares ee 
"Wevortnp, . rt “On, ante ‘hd soy e moat 42 
sf ' ety sig set terial iu acl sensi Setaent: uae me peers Ehren oa eae 
’ tse pak ae : . pate a's Ot attra h [pede te eed lect PY Tet, 
ae vs “8 eas i 1 venteael froetae r) lf si a Se q) this : ae Sane aa a ‘agora nce 
Th See TE. Ae pte i mete Sacses PO te bl al Pe Shea’ perl Lats Bah bt hes Stem" eT pe prec A 4 
(eng a : “ eteitth $7 Pennie: tase Sa Reet: gee te CS 4" eer eae pata 
° ot ar - sch r) Seis fepri {Ses oty wee aigihip 0S t 81a atgey A) 
REE EeD es hey eat ey wit “th racy rea gtete LAN bette Ras Ae Se Aes 
CY . e@ é yi oe . 4 ioe Set=les ° s ‘e 4 
Peer ls 4 canan ai oe saeakieci aoe HeLa me Beate aS tae 
: 2 i trae ie ‘ 4 fi si ree, $ bf] Pra edn kgs Led 
ce Lo ck 1 Se FE Hy fsiateatett : ‘ ‘H ae | 2 er pa os au aa mye er eheart 
Hoy tte 4 S958) se cong H Pel rpeys 1] tis Le Py ae ot Be f ; Sd tgFsemerss: 2 = 
coe ot | oil we . ee Le th r ae ut ‘ity b fastefct ‘i arc a tf, : ctyatt ritacatye : wept! ahs Si po ths i “> eset Ree ee eg aie 
rae anaes ‘ * Use # ocseh 0.@ Marne eet "4 . Ms te $x re etgy . Po bd reba: AE : Tae Git RUE hestiip-teete” Le te) 
‘ me = : : i, ' ie ifs ve ath 184 ai) A v es Wie aN Ue Ni sites Sy eh are ! cra + ot be ari nn 
ty “thee 3 © Ise? spetis reel ee athe Fu & anieaeat, ry i04 
rie sg feet HIG ny ch 
. i + rene! - . ae oe et mt Ny: Deere Pe i 5, we 
= area unras SUB ] 4s : dita. ‘ pat 
f ’ - 
! 


Saas 












Pract ae 
.* ota oe Seuaeen ast ese pts 
a $30 e i} ee Seah Oat eto aneacaraheasee ees 

tte ey fu te singer sy a] arenes 

nee hiigh re teple Sane IO graves! 


nagery eas 
ie aeteeee aba urea Rein sates tesco 
saat, piatdtearaiee dts aetna: smite 
Samet ed ee Hshiseda artes cor na's 
Ww aRiNas AEE Yass 











ays 
































































































on oe Sere 
s" Ssrveaig geeeseecte aoee Le] a a 
Settee uate Repeat eae crs “ 
} ney daretgs { tier ietangtytbe = Caravan EAs Few me eegey © aan 
i 8 Sard ti aom, if SS ae 730 Pate ns ro SoS 
, sae , My Ped, be! “a P 3 
i es teint passat penton Bib geriete eat = Reso ate 
re vis Ares 5 : tite 966 vomrmee a eae are Se 
Pe tae af a* Hi ne 1 . al be oneersst 2 py ares i 
ape, RTM 4 2 tibet! on Ste ae oe Ao * nie oe at sere Sree reat sate ~ =~ 
yatgar ey oy a Po aa 1k ARTA rakt bl p ditek oes § . rigs iete pea See Sorbe'e 
*h ange? ant ttiy Siglo sig'e yeutees | wy meh | aa Raat Tait ee 
eeaey 4 8 ay SURES, ban Mi 1 dag ey Teel ve, aie) be BA Fae te bat A eieuneee SRA ewe ys 
hay e 28 9d onqet' ou hi ah Ma shse 4 Hoa one Sate Se ontes ah aces pee: 2 aoe 
; 1 oa el :° “ts oF stil ; gigs byt lS ies Sasi vite Ke he v gaan tg? its aly imeem are Ae Koei iS ov Lee tenbeeme = <2: 
i OL rie : a WON eee Sted a eT Lorie LiL Sates see ty Catee Stet “oghe pt de taba ts Oe ; DYN oe chag SR 
egg ase at ase te eet 8,8 setese vet he tale a a oN th) Bah 2 Nise nota da eth ra ey OULD A atyers * ese man seme raat Bylnrereterrece 
oil ° i . “ae Ly t ty “¢ oh ee 5 1 ‘e fia S : in de 
bee ae oe ar te oe il ee ee, fee ;, et os peeks wey we taht}? iat ces et a (ees Sa ih pane he ach sahst ee! aaron 
Re CC Bae wy Tikes J ae “eb i afl et eiges babe J {Ue os cy an nerre S 3 Sita bake ibe tol “= Pe 
. fe ote 8 dee ou 8 atte fe VARS josh 2,03)! . 1227- BATES oot ye Wis Tats sony rr ay cy nha lo 
° = %q' oe 2 rf : 
we Bas anit Lea ae ce oR eS Raa ee eS 
i - : : ‘. 33 2 afr ey bea : 20 Se ae: 
tra tt este 8 nee TR erties Heeb eetcal Seah: ate ! oe) “BW Spe gar et peasy cone me room Patdee ree wearers “ps 
i Ee Look OLS at at ene es se ae Psa iste Sis taee om PS 
Me 0 eer ee rind oh >. 4 Fi ee) 4 4 8 ak N Ee Boe 
RE ceili Sati taal a eae beteg tee tienen po stpraten spares Seen 
Opty aa ARK: ae Ee pa de 
*, Fuk : w tage ha 
é ts a i b SY id | 64.0 ee 
+ AMS 
one : " 


DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 











iV 





Approved for public release: distribution 1s unlimited. 


DOPPLER SHIFT AND SPREAD STUDY FOR IONOSPHERICALLY 
PROPAGATED SIGNALS 


by 


Nickolaos Malachias 
LTJG, Helenic Navy 
BS, Helenic Naval Academy, 1986 


Submitted in partial fulfillment 
of the requirements for the degree of 
MASTER OF SCIENCE IN ELECTRICAL ENGINEERING 
from the 
NAVAL POSTGRADUATE SCHOOL 


June, 1994 
7 WA 


slat 


—_ TT il 


REPORT DOCUMENTATION PAGE 


Form Approved 
OMB No. 0704-0188 





Pe 














Public reponing burden tor tneis collection of information is estimated to average 1 hour per response. including the time tor reviewing instructions. searching existing data sources. gathering 
and maintaining the data needed. and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this Coliection of 
information. including suggetions for reducing this burden, to Washington Headquaners Services, Directorate for Information Operations and Reports. 1215 Jefferson Davis Highway. Suite 
1204 Arlington, VA 22202-4302. and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188). Washington, DC 20503 











1. AGENCY USE ONLY (Leave Blank) 2. REPORT DATE 3. REPORT TYPE 






June, 1994 Master's Thesis 










4. TITLE AND SUBTITLE 5. FUNDING NUMBERS 
DOPPLER SHIFT AND SPREAD STUDY FOR IONOSPHERICALLY 
PROPAGATED SIGNALS 
6. AUTHOR(S) 


Malachias, Nickolaos 











7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION 


Naval Postgraduate School 
Monterey, CA 93943-5000 





9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 





11. SUPPLEMENTARY NOTES 
The views expressed in this thesis are those of the author and do not reflect the official policy or position of the Department of 


Defense or the U.S. Government. 


12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 


Approved for public release; distribution 1s unlimited 





13. ABSTRACT ( Maximum 200 words ) 

~ Modern, High Frequency (HF) communication techniques, such as spread spectrum and frequency hopping, require precise 
signal frequency information. The predominant HF propagation path 1s via the ionosphere. which often produces Doppler 
frequency shift and spread. This study examined the frequency spectra of selected HF signals traversing short and long 
mid-latitude paths and one high-latitude auroral zone path. Signal amplitude and Doppler shifts and spreads observed show 
diurnal. carrier frequency and ionospheric path dependencies. Higher frequency signals experienced more Doppler shift, 
especially during the daytime. Spectrum spreading was more pronounced at night and was affected by multiple reflections, the 
auroral oval and field-aligned ionization. Additional signal observations are needed to cover seasonal variations, disturbed 
ionospheric conditions and solar cycle variations. The impact of Doppler shift and spread on wide-spectrum HF 
communications also needs to be examined. 





14. SUBJECT TERMS 16. PRICE CODE 


Doppler Shift. Doppler Spread, HF Signals. LUF, MUF. 15. NUMBER OF PAGES 71 





17. SECURITYCLASSIFICATION | 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION |20. LIMITATION OF ABSTRACT 
OF REPORT OF THIS PAGE OF ABSTRACT 


Unclassified Unclassified Unclassified UL 


NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89 


ABSTRACT 


Modern, High Frequency (HF) communication techniques, such as spread spectrum 
and frequency hopping, require precise signal frequency information. The predominant 
HF propagation path is via the 1onosphere, which often produces Doppler frequency shift 
and spread. This study examined the frequency spectra of selected HF signals traversing 
short and long mid-latitude paths and one high-latitude auroral zone path. Signal 
amplitude and Doppler shifts and spreads observed show diurnal, carrier frequency and 
lonospheric path dependencies. Higher frequency signals experienced more Doppler 
shift, especially during the daytime. Spectrum spreading was more pronounced at night 
and was affected by multiple reflections, the auroral oval and field-aligned ionization. 
Additional signal observations are needed to cover seasonal variations, disturbed 
ionospheric conditions and solar cycle variations. The impact of Doppler shift and spread 


on wide-spectrum HF communications also needs to be examined. 


inl 


TABLE OF CONTENTS 


LSINTRODUCTION 2225 ete eee 
ll. THEORETICAL BACKGROUND)... 25.0 055.00050.55 3 
Be UE TONGS PE Ro eee 3 
PDL ayer |. 2 3c 0 gaa 5 

2. E-layer . cass 1 6 

Su PsLayele 4 2-2 a ee.) 8 

B. DOPPLER THEOR \ ee Q 

|. Doppler Fundamentals: 223s ess 9 
2.lonospheric Doppler ..........................,))55e 10 

il) EXPERIMENTAL PROCEDURE 23.35) 13 
A GENERAP SE UP pace ie 

B. STATION LIST, aye 14 
IV. EXPERIMENTAL RESULTS: | a ee 16 
A. 14,999 kiz WWYV ©BSERVATIONG rr i 16 


DUDLEY KNOX LIBRARY 


NAVAL POSTGRADI ATE SC 
cue of f w HOO 
MONTEREY CA 93943-5107 : 


Oo Kee OE Si EOIN OS § ake esa a i+ 4 eee ee ee oy 
eer ORR we OD SER VAINON Sie 6b haw 6 Sie ee te ee ec ee 
Dao SkiizZ BBO RELAY (CANADA) OBSERVATIONS. ....4...6.4005-; 

Ea) >.200 kHz BBG RELAY (ASCENSION ISLAND) OBSERVATIONS . 
Ie, o04 KHz CAPE WALES. AK (NAF) OBSERVATIONS .............. 
PameONCLUSIONS AND RECOMMENDATIONS .....6.2... 555. 000..0.5. 
IN EOIN pee aren ed rare nua cens: is eee eS, wee we & 
Pe Sonia ero ROG Chan eee tee he cede se ea wie G mer ee Go 
NG efOVU{S) SES A SS) ON ae puerta A cea ee a 
3hy PG Ta PUSS Yon eS) 0) che (0 a MMMnarees area ga Ree ie ec 


Bee GO VINIE ND ACP LONS We. fit Geers en ates o 8 tae oe ota as ee iss 


26 


56 











~— ss 


l. INTRODUCTION 


Modern communication techniques, such as spread spectrum and frequency 
hopping, require precise knowledge of the frequency spectrum of the signals. 
lonospherically propagated High Frequency (HF) signals generally experience a Doppler 
frequency shift and spread which degrades the effectiveness of systems that require 
precise signal frequency information. The main factor which causes Doppler shift is the 
vertical motion of the ionospheric layers due to the change in electron density. Also, if 
anomalies occur during the reflection of the wave from the ionospheric layers, the signals 
suffer from frequency spread. In order to study Doppler shift and spread, frequency 
measurements were taken at the Naval Postgraduate School, Monterey, CA during the 
period O05 April 1994-10 May 1994. The transmitting stations and frequencies monitored 
were : 

¢ WWY\V, Ft. Collins, CO ($5 MHz, 10 MHz, and 15 MHz) 

* BBC Relay Station, New Brunswick, Canada (6,175 kHz) 

¢ BBC Relay, Ascension Island, South Atlantic Ocean (15,260 kHz) 
¢ Naval Station NAF, Cape Wales, AK (16,804 kHz) 

After that, received data was tabulated and plotted for each particular frequency, 
showing amplitude, Doppler shift and spread variations. An attempt was then made to 


explain the data variations from ionospheric theory, considering factors such as 


frequency, and the date of observation (which identifies the 1onospheric condition). 
Charts showing the auroral oval for the measurement dates along with the signal path 
were also employed (see Appendix). The auroral oval determines areas where significant 
signal disturbances are expected due to corresponding ionospheric anomalies. Auroral 
oval charts were obtained using the ADVANCED PROPHET Program, version 4.3. 

Data for this effort was obtained with standard laboratory instruments and 
equipment. Specialized receiving and data-processing were not used. This rather 
simplistic approach for Doppler shift and spread measurements was possible because of 


recent advances in digital instrumentation and stable synthesized receivers. 


to 


H. THEORETICAL BACKGROUND 


A. THE IONOSPHERE 

The ionosphere is the area of the atmosphere which extends from about 50 km out 
to several earth radii (the mean radius of earth 1s about 6371 km). In terms of effects on 
radio wave propagation, it 1s effective only out to about 500 km. 

The ionosphere is divided into three regions (layers), which are the D, E and 
F-layers. During the day, the F-layer splits into the F, and F,, with the F, being the higher 


and denser of the two, as seen in Figure 1. 
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Figure 1. lonospheric Regions (Ref. 1). 


Typical density versus altitude values are in Figure 2. From these two figures, the 


height of peak density, h,, for daytime can be seen to be approximately 100 km for the 


E-laver, while the peaks of F, and F, are 200 km and 300 km respectively. The E and 


F-layers are reflective layers, whereas the D-layer is absorptive and attenuates signals 


passing through it. 
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Figure 2. Typical Electron Distribution in the lonosphere (Ref. 2). 


If a plane wave is vertically incident on the ionosphere from below, it will interact 


with the ionized layers and will be reflected from a level at which the refractive index n= 


QO. In general it 1s: 


n=[1- (f/f). (1) 
where f, is the plasma (resonance) frequency and f 1s the radiowave frequency. 
The plasma frequency is defined for any point in the ionospheric plasma and 1s 
proportional to the square root of the electron density, 


tee IN oe (2) 
where f, is in Hz and N, 1s in electrons/m’. For a typical E-layer electron density of 

10. = 2.0) MIEZ. 
From Equation |, the reflection of the plane wave occurs at the point where the 
radio frequency matches the local plasma frequency. If the layer has a defined peak in 


electron concentration N_.., then the corresponding plasma frequency profile will also 


have a maximum. The maximum plasma frequency in the layer (having a distinct peak) 
is called the critical or penetration frequency f. (or f,). 
1. D-Layer 
The ionization of the D-layer is controlled by solar radiation. It builds up 
rapidly at sunrise, reaches a maximum near noon, quickly diminishes at sunset, and 
finally disappears completely at night. It extends from about 50 km to 90 km, but blends 
in with the E-layer at the upper end, with no discrete boundary between them. Because of 


its low electron density, the D-layer absorbs HF radio waves. Typical values of midday 


ionospheric absorption can be seen in Figure 3. 
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Figure 3. Typical Values of Midday lonospheric Absorption (Ref. 3). 


From plasma theory, a propagating wave loses energy during plasma interaction. 
This occurs in the D-layer, where the probability of collisions increases with decreasing 
frequency. This frequency dependence leads to the concept of a "lowest usable 
frequency" or LUF. For a given transmitter power and antenna gain, the lowest 
frequency which can be received with usable signal strength 1s defined as the LUF and 
will be dependent upon the D-layer characteristics. 

2. E-layer 

The E-layer extends from the top of the D-layer to the bottom of the F-layer or 
from approximately 90 - 130 km and peaks sharply at about 100 km. Like the D-layer, 
the E-layer 1s greatly influenced by solar radiation. It is the most predictable of the 


ionospheric layers. 


Each layer has its own critical frequency. To describe solar control over layer 
formation, the solar zenith angle y will be defined. This is the angle between the local 


normal and the sun's position, shown in Figure 4. 
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Figure 4. Solar Zenith Angle. 


From the solar zenith angle an approximation for the E-layer critical frequency, 

Pe ag FS 
f,E (MHz) = 0.9[(180 + 1.44R)cosy]*, (3) 
where R is the Wolf of Zurich sunspot number.' This equation is very accurate during the 
daylight portion of the day. During the night the E-layer does not disappear completely 
but f,E reaches a minimum of about 0.25 MHz at sunspot minimum and 0.5 MHz at 


sunspot maximum. Typical daily noon values of f,E are in the range of 3-4 MHz. The 


An index of solar activity, the Wolf of Zurich sunspot number 1s defined as follows: 


R=K(10q+S); q is the number of sunspot groups; S is the number of individual sunspots, and K is a 
correction factor which depends on the particular observatory. 


maximum frequency that would be reflected from a plasma in terms of the critical 
frequency and the incident angle, 0, of the wave 1s 
Tnax = 1-SECO. (4) 
This is accurate for a flat earth but requires a minor modification for a curved 
earth and curved ionosphere. The sntadliteattlem is a correction factor, k, which varies 
from 1.0 to 1.2 for most cases and is a function of the reflection height and the distance. 
A factor of 1.1 can be assumed for most cases. Equation (4) then becomes 
Tee kisecg — ie) f Seco: (5) 
For ionospheric propagation, this f,,, or maximum frequency takes on a special 
name which 1s the "maximum usable frequency" or MUF. Because of the curvature of 
the earth and the ionosphere, at the lowest launch angle of 0° elevation angle, o will be 
approximately 74°. The maximum MUF will then be 
MUF(max) = kisec74° = 3.6f.. (6) 
If the noon f,E is 4 MHz, the highest frequency reflected from the E-layer or 
MUF (E) would be approximately 14 MHz. 
3. F-Layer 
The highest, thickest, and densest layer is the F-layer. Due to its higher density, 
its critical frequency is higher than that of the E-layer. It extends upwards from the 
E-layer at about 130 km. During the daytime, the F-layer normally splits into the F, and 
the F,. The F, is lower and less dense than the F,, and like the D and E-layers, is 


controlled by solar activity and is only apparent during the daytime. It spans from the 


E-layer to the F, layer with a peak normally around 200 km. Although not as predictable 
as the E-laver, its critical frequency is approximately 

f F (MHz) = (4.3 + 0.1R)cos’*y. (7) 

The most important layer for HF communications is the F,. Its daytime peak 

height of about of about 300 km permits longer transmission distances. Unfortunately, it 

is the least predictable. Published maps, or huge data bases, which are both derived from 

historical data, are normally used to predict the f,F,. The F, does not follow direct solar 

control as closely as the other layers. It does not disappear at night but does decrease in 


density. 


B. DOPPLER THEORY 
1. Doppler Fundamentals 
The Doppler effect, first noted with sound waves, is the difference between the 
transmitted frequency and the received frequency, caused by relative motion between the 
transmitter and receiver. Assume a sinusoidal signal, S(t), of constant amplitude and 
frequency, transmitted from a stationary source and received T seconds later. The 
received signal is 
S(t-T) = Acos[2mf(t-T)]. (8) 
If the delay varies as a function of time, 
Wane (9) 


and thus 


S(t-T) = Acos{2zf[t-g(t)]}. (10) 
In the case of an approaching sound source, the delay is a function of the 
distance, d, and the velocity of the signal in the transmission medium, V_. In this case, V, 
is the speed of sound. The delay, g(t), 1s therefore 
E(t Sd Vea ie Gl) 
since the distance varies with time. The distance varies as a function of the speed V., and 
is therefore 
d(t) = -V.t. CI 
Finally, 
S(t-T) = Acos{ 27f[t-g(t)]} = Acos[2xft(1+V/V )]. Ol) 
The change in frequency, or Doppler shift 1s 
fe EV alt VN) (14) 
This Doppler equation apphes to electromagnetic waves as well as sound waves. V, 
becomes the speed of light, C, and f usually 1s the radiowave frequency. 
2. lonospheric Doppler 
If the ionospheric layer moves in the vertical direction with velocity V.as shown 
in Figure 5, then equation (14) becomes 
f, = (V/V, )coso (15) 
where V_ is the speed of light and 9 is the angle between the receiver line-of-sight to the 


reflection point and the line normal to that point. 
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Figure 5. Vertical lonospheric Movement. 


Movement in the horizontal direction sets up a horzontal electron density 
distribution. Horizontal distributions are called "tilts", and the major consequence of 
those is to cause "non-great circle" propagation. 

If the layer descends, as shown in Figure 6, the virtual height descends a 
proportional amount and the group path, P, from transmitter to receiver becomes shorter. 


The Doppler shift is thus proportional to the path length change. 
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Figure 6. Virtual Height Changes with Descending Layer. 


Analogous to this situation, is when the electron density beneath the layer 
increases, lowering the reflection height, with a similar decrease in the group path. With 
respect to the propagating wave, the two actions are indistinguishable, and a Doppler shift 


likewise occurs for a change in electron density of the layer. 


Hl. EXPERIMENTAL PROCEDURE 


A. GENERAL SETUP 

In order to observe the Doppler shift and spread of various HF ionospherically 
propagated signals, measurements were taken from 4/5/94 to 5/10/94 either at room 216 
of Spanagel Hall or at Building 218 (Beach site) of NPS. In both cases, the experimental 
set up of Figure 7 included a dipole or a long-wire antenna, the ICOM IR-9000 Receiver. 


and the HP 3561A spectrum analyzer. 
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Figure 7. Experimental Set-up. 


The HP 3561A 1s a single-channel, Fast-Fourier Transform (FFT) signal analyzer 
covering 0 to 100 kHz. In order to observe the carmer frequency of a received signal, the 


beat frequency oscillator (BFO) of the receiver was tuned |-kHz below the actual carmier 


frequency. This translates the carrier frequency downward into a 1-5 Hz audio tone. The 


precise frequency of the audio tone was then measured by the HP 356A Analyzer. 


B. STATION LIST 


The stations monitored for frequency spectrum measurements were WWV-CO, 
BBC-Relay Canada, BBC Relay-Ascension Island, and Cape Wales Naval Station-AK. 
The characteristics of the above stations are shown in Table I. Figure 8 also shows the 


location of these stations on a great circle map centered on Monterey. 


TABLE |. CHARACTERISTICS OF THE TRANSMITTING STATIONS 


Ft. Collins, CO, Center Fed 
Half 
Wavelength 
Vertical 


BBC Relay Sackville, 6175 kHz 


Canada 
Curtain 
Antenna 
South Atlantic 
Ocean 
Ascension Isl. 15260 KHz 


Cape Wales Cape Wales, 16,804 kHz Dipole 
Naval Station AK Antenna 
(NAF) 











Figure 8. Location of the Transmitting Stations. 


IV. EXPERIMENTAL RESULTS 


A. 14,999 kHz WWV OBSERVATIONS 

A set of typical frequency spectrum observations from WWYV at 14,999 kHz, shown 
in the following figures, show amplitude, shift, and spread of the signal. Frequency shift 
from left to mght is termed a "positive" shift, while movement from right to left is 
"negative." For the signal spread, a 6 dB bandwidth was observed and called the "6 dB 
spread." Figure 9 covers the period from 0631 to 1257 hours on 5/1/94. A second 
spectral component appears slightly higher in the frequency than the primary component. 
This component is from a second path using a different reflection point than the primary 
component. There is also a significant shift of this component from left to nght as the 
day progresses. This 1s due to the downward movement of the ionospheric region, caused 
by an increase in the electron density. At 0748 and 1257 hours, more than one spike 
appears. This is because, in some cases, the wave 1s split into multiple paths while 
reflecting off 1onospheric layers. Figure 10 shows the signal strength typically peaking 
around noon, while the frequency shift is still in progress. At 1219 hours, two spectral 


components again appear. 
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Figure 9. WWV Observations at 14,999 kHz on 1 May 1994. 


iy 


13 ae = GFSTaus OD a ae 






940504 
NPS BS. Dipole, WWV 
R00, 14,999 kHz USB 


Figure 10. WWV Observations at 14,999 kHz on 4 May 1994. 


From 1207 to 1649 on 4/28 the signal amplitude experiences an attenuation of 
approximately 20 dB as is shown at Figure 11. The total frequency shift is about 1.5 Hz 


at 1649 hours, a 6 dB spread of about 2.0 Hz occurs. 
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Figure 11. WWV Observations at 14,999 kHz on 28 April 1994. 
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As 1s shown in Figure 12, from 1721 hours on 4/28 to 0249 hours on 4/29 the 
signal amplitude decreases by 14 dB, starting at a value of about -56 dBV at 1721 hours. 
At 1929 hours, the signal reaches a peak value of -17 dBV. At 2005 hours. two 
additional spectrum components appear to the right of the carrier. As time progresses, the 
signal becomes weaker, while the total frequency shift is negligible. The maximum value 
of 6 dB spread is about 3.3 Hz, at 1956 hours, while the minimum value is about 1.0 Hz, 


at 1929 hours. 
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Figure 12. WWV Observations at 14,999 kHz on 28-29 Apri! 1994. 


Figure 13 shows the signal data for the period between 0323 and 0652 hours on 


4/29. Through the period, the signal amplitude increases by about & dB, while the 


maximum value 1s -62 dBV at 0525 hours. The maximum 6 dB spread was obtained at 
0623 hours, and was about 1.7 Hz. The minimum spread, obtained at 0434, was about 


0.7 Hz. The total frequency shift observed was negative 4 Hz. 
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Figure 13. WWV Observations at 14,999 kHz on 29 April 1994. 
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Table I] contains observed data for 428-29, while Figures 14. 15, and 16 show 
amplitude, Doppler shift. and spread variation versus time. The data demonstates that: 

¢ The signal amplitude is high during the daytime, reaching values as high as -34 
dBV around noon. At night, the signal 1s much weaker, reaching values as low as 
-80 dBV. 

¢ The signal shifts significantly in the positive direction during the daytime, while at 
night the shift is less. 

¢ The frequency spectrum is narrow during the day, spreading more in the evening. 
During the night, the spread does not change significantly, maintaining an average 


wale Ot 1.5 Hz. 


TABLE Il. DATA RECEIVED FROM WWYV (14.999 kHz) ON 28-29 APRIL 1994 
Time are (dBV) Doppler Shift (Hz) 6 dB ope ees (Hz) 
1207 Reference 
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Figure 14. Amplitude vs Time Plot from WWV (14,999 kHz) on 28-29 April 1994. 
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Figure 15. Doppler Shift vs Time Plot from WWV (14,999 kHz) on 28-29 April 1994. 
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Figure 16. Doppler Spread vs Time Plot from WWV (14,999 kHz) on 28-29 April 1994. 


B. 9,999 kHz WWV OBSERVATIONS 

The next set of observations from WWV, CO was at 9,999 kHz. Figure 17 shows 
measurements made at about sunrise on 5/1. The figure shows a primary spectral 
component that grows as time progresses, similar to the observed behavior at 14,999 kHz. 
Over the period, the signal amplitude experiences an increase of about 16 dB while the 
total frequency shift is positive, with a value of about 0.8 Hz. Also, the average 6 dB 


spread is approximately 3.5 Hz. 
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Figure 17. WWV Observations at 9,999 kHz on 1 May 1994. 


Figure 18 shows the spectra obtained between 1119 and 1541 hours on 5/4. During 


the period, the signal amplitude does not show significant vanation, reaching a high of 


almost -15 dBV. The total frequency shift 1s about 0.6 Hz, while the maximum spread 1s 


2.0 Hz, obtained at 1205 hours. 
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Figure 18. WWV Observations at 9,999 kHz on 4 May 1994. 
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The data obtained from 1216 to 1947 hours on 4/30. 1s presented in Figure 19. The 
signal amplitude 1s almost constant throughout the period, with an average value of about 
-19 dBV. The total frequency shift is 10 Hz. From 1533 to 1851 hours, additional 
spectral components appear around the carrier. The sources of these components is not 
known; however, they do not appear to be from ionospheric effects. The spread of the 


signal does not vary significantly and has an average value of 2.0 Hz. 
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Figure 19. WWV Observations at 9,999 kHz on 30 April 1994. 


Figure 20 shows the spectra obtained from 1209 to 1651 hours on 4/28. The signal 


amplitude varies slightly, with an average value of -40 dBV, while the total amount of the 
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frequency shift is positive 1.0 Hz. Additional spectral components also appear around the 


carrier for most of the period. The signal spread varies in range. from 0.7 to 2.0 Hz. 
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Figure 20. WWV Observations at 9,999 kHz on 28 April 1994. 


oy) 


Figure 21 illustrates the spectra for the period from 1715 hours on 4/28 to 0220 
hours on 4/29. Over the period. the signal amplitude experiences a total attenuation of 20 
dB. The total frequency shift is negative 0.5 Hz. The signal becomes more spread after 


midnight, with an average 6 dB value of 2.2 Hz. 


tbe 
aan 
= 
aw 
acre 
ue 
oa 

| arrne 
ae ure 

oun ears | 
um im 





940428/29 
NPS BS. Dipole. WW 
P.90fa) © 999 LH, USB 


Figure 21. WWV Observations at 9,999 kHz on 28-29 April 1994. 
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In Figure 22 for 0245 to 0650 hours on 4/29, the signal amplitude increases about 
30 dB, while the frequency shift 1s negative at about 0.7 Hz. The signal spread decreases 


as time progresses. starting at 4.0 Hz and ending at 1.2 Hz. 
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Figure 22. WWV Observations at 9,999 kHz on 29 April 1994. 
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Table I] summarizes the measured data for 4/28-29. Figures 23, 24, and 25 show 
amplitude, shift, and spread variation versus time. In summary: 
¢ The signal amplitude is -48 dBV around noon. At night, the signal is weaker, but 
levels are generally higher than those for 14,999 kHz. 
¢ The signal frequency shifts in a positive direction during the daytime, while by late 
afternoon, it starts shifting in a negative direction, until the next sunrise. 


¢ The signal spectrum is more spread during the nighttime, narrowing after sunrise. 


34 


TABLE Ill. DATA RECEIVED FROM WWYV (9,999 kHz) ON 28-29 APRIL 1994. 
Time | = (dBV) | Doppler Shift (Hz) | 6 dB Doppler Spread (Hz) 
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Figure 24. Doppler Shift vs Time Plot from WWV (9,999 kHz) on 28-29 April 1994. 
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Figure 25. Doppler Spread vs Time Plot from WWV (9,999 kHz) on 28-29 April 1994. 


C. 4,999 kHz WWV OBSERVATIONS. 

A set of observations of WWV at 4,999 kHz from 1115 to 1543, on 5/4, shown in 
Figure 26. The signal strength during the day 1s much weaker than that at 10 and 15 
MHz. This is because the lower frequencies are attenuated more in the daytime by the 
D-layer. The Doppler spread does not change as much or as rapidly for this lower 
frequency. No significant Doppler shift 1s observed and the signal amplitude maintains 


an average value of -60 dBV. 
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Figure 26. WWV Observations at 4,999 kHz on 4 May 1994. 


Figure 27 illustrates the frequency spectra from 1229 to 1946 hours on 4/30. There 


is a clear increase in the strength and spread of the signal after sunset, as the D-layer 
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disappears. The amplitude inereases about 30 dB, but no significant Doppler shift 1s 
observed. The 6 dB spread. starting with a value of 0.2 Hz at 1229 hours. reaches a peak 


value of 3.5 Hz at 1946. 
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Figure 27. WWV Observations at 4,999 kHz on 30 April 1994. 
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Between 0608 and 1206 hours on 5/1 (Figure 28), the signal amplitude decreases 
after sunrise, as the D-layer forms. Throughout the daylight period, the signal drops by 


40 dB. with a positive Doppler shift after sunrise. 
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Figure 28. WWV Observations at 4,999 kHz on 1 May 1994. 
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Tables IV and V summarize the data of 4/30 and 5/1 and plots of amplitude, 
Doppler shift, and spread variation over the period are in Figures 29-34. Conclusions 
derived from the above observations are: 

¢ The signal amplitude drops to -40 dBV during the daytime, due to the existence of 
the D-layer. At night, it increases significantly, peaking at -20 dBV. 

¢ The signal shift is much less at 5 MHz than it is at 10 and 15 MHz. While the 
signal is stable over most of the period, there 1s a shift between sunrise and noon of 
about 1.0 Hz. 

¢ The frequency spectrum spreads around sunset, with 6 dB average values of about 


5.0 Hz. After sunrise, the shift 1s less. 





TABLE IV. DATA RECEIVED FROM WWYV (4,999 kHz) ON 30 APRIL 1994. 


Time Amplitude (dBV) Doppler Shift (Hz) Doppler Spread (Hz) 
at 6 dB Amplitude 
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TABLE V. DATA RECEIVED FROM WWYV (4,999 kHz) ON 1 MAY 1994. 


Time Amplitude (dBV) Doppler Shift (Hz) Doppler Spread (Hz) 
at 6 dB Amplitude 
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Figure 29. Amplitude vs Time Plot from WWV (4,999 kHz) on 30 April 1994. 
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Figure 30. Doppler Shift vs Time Plot from WWV (4,999 kHz) on 30 April 1994. 
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Figure 31. Doppler Spread vs Time Plot from WWV (4,999 kHz) on 30 April 1994. 
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Figure 32. Amplitude vs Time Plot from WWV (4,999 kHz) on 1 May 1994. 
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Figure 33. Doppler Shift vs Time Plot from WWV (4,999 kHz) on 1 May 1994. 
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Figure 34. Doppler Spread vs Time Plot from WWV (4,999 kHz) on 1 May 1994. 
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D. 6,175 KHz BBC RELAY (CANADA) OBSERVATIONS 

The next observations cover typical frequency spectra obtained from the BBC 
Relay Canada broadcasting at a frequency of 6,175 kHz, over a much longer path than for 
the WWYV signals. 

The above stations transmit daily from 1600 to 2030 (Pacific Time). Figure 35 
covers the time period from 1706 to 2000 on 4/28. At 1706 the signal amplitude is 
minimum (-65 dBV) and reaches a maximum value of -25 dBV at 1934. At 1934 and 
2000 the signal is more spread with a 6 dB value of approximately 6.5 Hz, with some 
additional spectral components appearing. Doppler shift 1s negligible throughout the 
period. Table VI summarizes data from the above observations, while Figures 36 and 37 


illustrate variations in amplitude and spread. 
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Figure 35. BBC Relay Observations at 6,175 kHz on 28 April 1994. 
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' TABLE VI. DATA RECEIVED FROM BBC RELAY (6,175 kHz) 

| ON 28 APRIL 1994. 

! Time Amplitude (dBV) Doppler Spread (Hz) 

at6 dB _ 





Amplitude (dbV) 





Figure 36. Amplitude vs Time Plot from BBC Relay (6,175 kHz) on 28-29 April 1994. 
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Figure 37. Doppler Spread vs Time Plot from BBC Relay (6,175 kHz) on 28-29 April 1994. 


E. 15,260 kHz BBC RELAY (ASCENSION ISLAND) OBSERVATIONS 
A signal from the BBC Relay, Ascension Island was monitored from 1319 to 1929 
on 4/22. This relay transmits from noon until evening, but not at night. As observed in 
the Figure 38, the signal experiences a total shift of about 0.8 Hz. The amplitude 
increases to -38 dBV at 1856 hours when the maximum 6 GB spread of 4.0 Hz occurs. 
Table VII contains data for the above observations. Signal amplitude, shift, and 
spread variations are illustrated in Figures 39, 40, and 41, and are summarized as: 
¢ The total variation in signal amplitude is approximately 30 dB. 
¢ The spectrum spreads most in the afternoon, with an average 6 dB value of 3.5 Hz. 


¢ A total frequency shift of about +0.8 Hz is present. 
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Figure 38. BBC Relay Observations at (15,260 kHz) on 22 April 1994. 
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TABLE VII. DATA RECEIVED FROM BBC RELAY (15,260 kHz) ON 22 APRIL 1994. 


Time Amplitude (dBV) Doppler Shift (Hz) Doppler Spread (Hz) 
at 6 dB —— a 
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Figure 39. Amplitude vs Time Plot from BBC Relay (15,260 kHz) on 22 April 1994. 
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Figure 40. Doppler Shift vs Time Plot from BBC Relay (15,260 kHz) on 22 April 1994. 
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Figure 41. Doppler Spread vs Time Plot from BBC Relay (15,260 kHz) on 22 April 1994. 


F. 16,804 kHz CAPE WALES, AK (NAF) OBSERVATIONS 

Figure 42 illustrates a typical example of Doppler spread on a signal transmitted 
from the Cape Wales, AK Naval Station. The signal was received at Fairbanks, AK on 
4/28 and recorded with a precision digital recorder. The digitally recorded data was 
replayed into the HP 3561A spectrum analyzer and examined in a manner similar to all 
other data. 

While the signal amplitude did not vary significantly from view to view, the 
Doppler spread changed significantly over very brief intervals of only a few seconds or 
less. The 6 dB Doppler spread values were as high as 40 Hz. This is because the signal 
propagation path passed through the disturbed ionosphere associated with the auroral 


oval, as shown in Figure 43 of the Appendix. 
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Figure 42. Cape Wales Observations (16,804 kHz) on 8 April 1994. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

In this study the amplitude, frequency shift, and spread variation for the signals of 
WWV CO (at 5, 10, and 15 MHz), BBC Relay Canada, BBC Relay Ascension Island (at 
15,260 kHz), and Cape Wales, AK (at 16,804 kHz) have been examined. The signals 
were observed at the Naval Postgraduate School and in Fairbanks, AK from 4/5 to 5/10. 
Figures 44 and 45 show the location of the auroral oval when the data was obtained. 

1. Signal Amplitude 

During the daytime, the lower-frequency signals experience a_ significant 

amplitude attenuation compared to those at higher frequencies. The daytime D-layer 
absorption is the cause. During the night, lower frequency signals increasing amplitude 
due to the disappearance of the D-layer, while the amplitude of higher frequency signals 
decreases due to the decreased (nighttime) density of the F-layer. For instance, a typical 
amplitude value for a WWYV signal transmitted at a frequency of 14,999 kHz is around 
-30 dBV at around noon, while a 4,999 kHz frequency signal has an amplitude of about 
-55 dBV at the same time. (The effective radiated power for WWV at the three 
frequencies 1s the same). A typical amplitude value observed at around 0600 hours 
(before sunrise) is -25 dBV for a signal transmitted at 4,999 kHz, and -75 dBV for a 


signal transmitted at 14,999 kHz. 
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2. Frequency Shift 
Higher frequency signals from WW expertence a more significant Doppler 
shift than the lower frequency ones. This is because, as equation (14) states, the amount 
of Doppler shift 1s proportional to the transmitting signal frequency. 
The shift observed from BBC relay signals was less than that of WWV. The 
reasons are: 
¢ Signals traveling through mid-latitude propagation paths are reflected from 
relatively stable ionosphere layers and do not usually experience significant 
frequency shift; and 
¢ Multiple reflections may reduce the total amount of frequency shift, because 
individual layers may move with different velocity and direction. 
3. Frequency Spread 
The Cape Wales to Fairbanks, AK signal shows the most spread, because the 
propagation path passed through the auroral oval as shown in Figure 43 (Appendix). This 
signal was affected by ionospheric polar region anomalies. The signals coming from 
WWY did not experience any significant spread during the daytime. The reasons are: 
¢ The ionosphere is more stable during the daytime than at night; 
* On the particular dates of observation the ionosphere was quiet: 
¢ The path distance between Monterey, CA and Boulder, CO is only a one hop path; 
¢ Because this path experiences no mid-point ground reflection and only a single 


reflection from the ionosphere, little spreading occurs; and, 


¢ During the nighttime the signals from WWV were more spread because the 
ionosphere is usually more unstable at night. 
Signals from BBC Relays appear to be more spread than those of WWV. The 
reasons are: 
* Due to the longer distances traveled, the wave experiences more than one 
ionospheric reflection, producing more disturbances in the signal. 
¢ Field-aligned ionization, as found in the polar regions, can support non-great-circle 
propagation on paths such as the Sackville to Monterey path. The field-aligned 
ionization 1s Penem during ionospheric storms, but it still exists to some extent 
during quiet times. Field-aligned ionization changes rapidly with time and causes 
severe Doppler effects during ionospheric storms and mild Doppler effects during 
quiet times. 
B. RECOMMENDATIONS 
Recommendations for further research are: 
* Repeat the experiments over a longer period of time, so that seasonal variations in 
the signals' frequency spectra can be observed; and 
* Repeat the experiments during disturbed ionospheric conditions so that the received 


data can be compared to those obtained in this thesis, when the ionosphere was 


relatively quiet (maximum value of K, was 4). 
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APPENDIX: AURORAL OVAL POSITION PLOTS 


This Appendix contains Figure 43, 44, and 45, showing the auroral oval position on 
4/8 at 1000 (UT) hours, 4/29 at 1100 (UT) hours, and 4/29 at 0300 (UT) hours. Plots 


were obtained using ADVANCED PROPHET program, version 4.3. 
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Figure 43. Map Showing the Auroral Oval Position on 4/8 1000 (UT) and the Propagation 


Path from Cape Wales, AK to Fairbanks, AK. 
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Figure 44. Map Showing the Auroral Oval Position on 4/29 1100 (UT) and Propagation 


Path from Monterey, CA to Sackville, Canada. 
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Figure 45. Map Showing the Auroral Oval Position on 4/29 0300 (UT) and Propagation 


Path from Monterey, CA to Sackville, Canada. 
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